Abstract Patients with acute kidney injury (AKI) on renal replacement therapy (RRT) are at increased risk for bleeding but usually require anticoagulation of the extracorporeal circuit, a key prerequisite for delivery of an adequate RRT dose. To this end, many anti-hemostatic strategies have been proposed, unfractionated heparinwith all of its significant drawbacks and complicationsbeing the most common method used so far. In this clinical context, regional citrate anticoagulation (RCA) could represent the most promising strategy, and it has been endorsed by recent guidelines on AKI. The aim of this position statement is to critically review the current evidence on RCA for the extracorporeal circuit of RRT in patients with AKI, in order to provide suggestions for its application in clinical practice. To this purpose, the most relevant clinical studies and recent guidelines on AKI with special regard to anti-hemostatic strategies for RRT circuit maintenance have been reviewed and commented. Experts from the Working Group ''Renal Replacement Therapies in Critically Ill Patients'' of the Italian Society of Nephrology have prepared this position paper, which discusses the basic principles, advantages and drawbacks of RCA based on the available safety and efficacy data. Advice is given on how to use and monitor RCA in the different RRT modalities, in order to avoid complications while maximizing the delivery of the prescribed RRT dose.
Introduction
Continuous renal replacement therapies (CRRT), along with prolonged intermittent renal replacement therapies (PIRRT), such as sustained low-efficiency dialysis (SLED), are the most widely used techniques for the treatment of critically ill patients with acute kidney injury (AKI) requiring renal replacement therapy (RRT) [1] [2] [3] [4] [5] . In this clinical context, the choice of the anti-hemostatic strategy for the extracorporeal circuit of RRT is critical but still remains a matter of debate [6] . Indeed, it is well recognized that AKI is a high bleeding risk condition, and that clinically important bleeding significantly increases mortality risk in this clinical setting [7] . Although the incidence of hemorrhagic complications in patients with AKI on RRT is extremely variable across different studies [8] [9] [10] , the occurrence of major bleeding is not uncommon and cannot be neglected, especially when systemic anticoagulation with heparin is adopted [11, 12] . Hence, alternatives to standard heparinization, such as RRT without anticoagulation [13, 14] , minimal systemic anticoagulation [12] , antiplatelet agents such as the synthetic analogues of prostacyclin [15] , supplementation of antithrombin-III [16, 17] and regional anticoagulation strategies [18] [19] [20] [21] have been evaluated in the past to minimize the occurrence of hemorrhagic complications. On the other hand, it is well known that premature clotting of the RRT circuit due to inadequate anticoagulation may increase blood loss, downtime, nursing workload and costs [12] . Moreover, aside from vascular access malfunction/recirculation, circuit clotting still remains the main cause of discrepancy between prescribed and delivered dose in RRT [11, 12] . In this regard, the anticoagulation strategy used in the multicenter randomized Veterans Affairs/National Institutes of Health Acute Renal Failure Trial Network (ATN) study, aimed at limiting the use of systemic heparinization in favor of no anticoagulation, was able to achieve a full delivery of the prescribed CRRT dose in less than 70 % of patients undergoing continuous veno-venous hemodiafiltration (CVVHDF) [22] . Recently, also the 2012 KDIGO Clinical Practice Guidelines for AKI have underscored that the actual delivered dose of RRT in AKI patients is frequently lower than the prescribed one, indicating early filter clotting as a major hindrance to adequate RRT dose delivery [6] . Therefore, a higher prescribed dose combined with the reduction of RRT interruptions has been suggested to achieve the recommended dose targets (i.e. delivered Kt/ V of 3.9 per week for intermittent or prolonged RRT, and delivered effluent volume of 20-25 ml/kg/h for CRRT) [6] . Among potential alternatives to standard heparin use, the 2012 KDIGO Clinical Practice Guidelines for AKI suggested regional citrate anticoagulation (RCA) as the first choice anticoagulation modality in AKI patients undergoing CRRT, regardless of the patient's bleeding risk and coagulation status [6] . This suggestion has been endorsed by the Canadian Society of Nephrology [23] , while other recently published guidelines on AKI [24, 25] did not provide specific indications on RCA in critically ill patients with AKI on RRT ( Table 1) .
Several clinical studies support the superiority of RCA over standard heparin in terms of both prolonged circuit lifespan [26] [27] [28] [29] [30] [31] and reduced incidence of hemorrhagic complications and transfusional needs [26-30, 32, 33] . Moreover, these findings have for the most part been confirmed by two recent meta-analyses pooling almost 500 patients from the 6 most relevant randomized clinical trials comparing RCA with heparin anticoagulation [34, 35] .
Despite the positive reports about safety and efficacy of RCA, its clinical use has not gained widespread diffusion.
In a recent survey on intensive care unit (ICU) practice in north-west Italy, unfractionated heparin was the anticoagulant of choice in the vast majority of RRT sessions (5,296 out of 7,842 sessions). Interestingly, in patients at high risk of bleeding, RCA was performed in only 18 % of the cases, whereas RRT without heparin or low heparin doses with saline flushes (77.6 %) were the most commonly adopted anticoagulation strategies [36] . However, it has been previously reported that the use of intermittent saline flushes does not appear to be a valid option to reduce filter clotting risk during low-dose heparin hemodialysis [37] .
RCA has not been very popular so far for several reasons [1, 21, 22, 38] : complexity of the early clinical RCA protocols, concerns about the potential risk of metabolic complications, need for customized solutions to prevent sodium and/or buffer overload, and lack of commercially available solutions dedicated for RCA-CRRT use [39] . However, most of these issues have been progressively solved by the most recent advances in RCA, leading to simplification of citrate-based protocols and increasing availability of RCA solutions specific for CRRT [21, 40] . Finally, the use of latest generation monitors for CRRT with integrated infusion systems and specific software provides a near-automated RCA with user-friendly and safe citrate delivery [41, 42] . This modern approach to RCA should allow both to reduce the risk of errors and to more easily tailor RCA settings according to clinical needs of the patients, thus facilitating a wider diffusion of this highly effective anticoagulation method in the coming years [43] .
This position statement provides a critical overview of the use of RCA for the extracorporeal circuit of RRT in patients with AKI, in order to make suggestions about its application in clinical practice. Experts from the Working Group ''Renal Replacement Therapies in Critically Ill Patients'' of the Italian Society of Nephrology prepared this position paper in order to facilitate a better understanding of the basic principles of RCA, and to discuss the main advantages and potential drawbacks of citrate in the clinical setting of AKI in the ICU. Advice is given on how to use and monitor RCA in the different modalities of RRT, in order to avoid complications while maximizing the delivery of the prescribed RRT dose. [20, 46] , the key cofactor of many steps of the clotting cascade [47] . Depending on the different protocols, citrate concentrations in the extracorporeal circuit during RCA are 3-5 mmol/l, with ionized calcium levels in the 0.1-0.4 mmol/l range. When citratemia is 6 mmol/l or more, ionized calcium is 0.1 mmol/l or less and blood coagulation is totally inhibited [48] .
Citrate has, in addition, anti-hemostatic and antiinflammatory effects due to reduced activation of white blood cells and platelets [49] [50] [51] [52] [53] [54] , and protective effects against endothelial cell inflammation and oxidative stress [55, 56] .
Citrate pharmacokinetics
As a general rule, during RCA citrate is infused upstream in the extracorporeal circuit at an infusion rate strictly related to blood flow and target circuit citrate values. Since RRT fluids are usually calcium-free, calcium-containing solutions (calcium chloride or calcium gluconate) should be infused at the end of the extracorporeal circuit in the blood returning to the patient, or directly to the patient through a central venous line, in order to replace calcium losses in the effluent fluid. As filter membranes are freely permeable to citrate, 30-70 % of calcium-citrate complexes are lost in the effluent fluid (ultrafiltrate and/or dialysate), these losses being directly proportional to the effluent volume [44] .
Citrate entering the patient's blood pool through the venous line of the circuit is rapidly metabolized in the Krebs cycle as citric acid; thus, since three hydrogen ions for each citrate molecule are consumed in this metabolic process, three bicarbonate molecules will be produced. Citrate is metabolized mainly in the liver and to a lesser extent in the kidney and skeletal muscle. Total body clearance of citrate is similar in critically ill patients with AKI and in healthy volunteers (648.0 ± 347.0 vs. 686.6 ± 353.6 ml/min; p = 0.62) [45], but is reduced in cirrhotic patients (340 ± 185 vs. 710 ± 397 ml/min in cirrhotic and control patients, respectively; p = 0.002), in parallel to prolonged half-life (69 ± 33 vs. 36 ± 18 min in cirrhotic patients and control patients, respectively; p = 0.001) [57] . Citrate also represents a source of energy in the form of carbohydrate-like calories (0.59 kcal/mmol) [20, 58] . With the most commonly used citrate protocols, the net citrate load to the patient is about 11-20 mmol/h, roughly corresponding to 150-280 kcal/day derived from citrate metabolism [21, 59] . However, in the case of CRRT with high blood flow rate (150-180 ml/min) and high target citrate values in the circuit (4-5 mmol/l), a total bioenergetic gain from RCA of up to 1,000 kcal/day has been reported when a citrate solution containing glucose, such as ACD-A (anticoagulant-citrate-dextrose solution A, 2.5 % dextrose) is coupled with lactate-buffered CRRT solutions [58] .
RCA monitoring and complications of citrate anticoagulation
Several metabolic alterations have been described in the course of RCA, including: (1) hypo-or hyper-calcemia related to inadequate calcium replacement; (2) hypernatremia, more often seen in the past when citrate solutions hypertonic in sodium were used in the older RCA protocols; (3) metabolic alkalosis due to excessive citrate loads; (4) metabolic acidosis related to inadequate buffer supply due to inappropriate RCA parameter-setting or inadequate matching of the solutions adopted (imbalance between citrate/bicarbonate delivered to the patient and citrate/ bicarbonate removed with the effluent); (5) citrate accumulation, mainly characterized by worsening metabolic acidosis and ionized hypocalcemia, respectively due to the impaired bicarbonate production from citrate and to the lack of calcium release from calcium-citrate complexes [21] .
Citrate accumulation is more frequently reported in clinical conditions at higher risk for inadequate citrate metabolism, such as severe liver failure/liver transplant and septic or cardiogenic shock with organ tissue hypoperfusion [21] . In patients with suspected accumulation of citrate, direct measurement of plasma citrate concentration is the gold standard for quantitative assessment of systemic citrate levels [28, 44] . However, since the measurement of citrate levels is not widely available in daily practice, surrogate criteria for early detection of inadequate citrate metabolism have been proposed (Table 2 ) [60] [61] [62] . By applying these criteria, RCA can be safely performed without clinically relevant electrolyte and acid-base alterations due to citrate accumulation [33, 41, 63] . In particular, also in patient populations at higher risk of inadequate citrate metabolism, normal levels of citrate [28] and no metabolic derangements have been demonstrated [64] [65] [66] , especially when strategies aimed at preventing citrate accumulation are applied. In this regard, citrate kinetics studies have shown that lowering of blood flow in the extracorporeal circulation (with consequently reduced citrate infusion rate), as well as the optimization of citrate diffusive clearance (throughout an increased dialysate flow rate), are able to reduce the citrate load to the patient [28, 67] . Although early citrate protocols, adopting a citrate dose of up to 4-6 mmol/l, were characterized by a longer filter survival, it should be underlined that a higher than usual target for ionized calcium (\0.5 mmol/l) in the RRT circuit, obtained by achieving lower citrate concentration targets in the circuit (2.5-3 mmol/l), is still able to ensure an adequate filter life [68] , and represents a valid strategy in patients at higher risk of citrate accumulation. Specific clinical settings, such as severe rhabdomyolysis, can potentially complicate the management of RCA [21] . Indeed, although hypocalcemia is a common complication in the early phase of rhabdomyolysis, full correction of calcium levels is not recommended because of potentially harmful effects of excessive calcium supplementation (e.g. tissue calcium deposition and episodes of late hypercalcemia). Thus, a lower than usual systemic ionized calcium level (0.9-1 mmol/l) should be considered a reasonable target while performing RCA-CRRT in this clinical scenario [21] .
Citrate use in CRRT
Several RCA protocols have been developed using commercially available or hospital pharmacy-made citrate solutions, not always specifically intended for RRT use. Along with the off-label use of anticoagulant-citrate-dextrose formulations (i.e. ACD-A), specific citrate solutions for CRRT are now available in many countries, and are increasingly adopted in the more recently developed RCA protocols. RCA solutions may be classified on the basis of their citrate concentration as high-and low-citrate concentration solutions and are respectively characterized by hypertonicity and isotonicity in sodium [21] . Provided that correct matching of citrate and CRRT solutions (dialysate/ replacement fluids) is ensured, RCA protocols can be designed in convective and/or diffusive modalities.
RCA in convective CRRT
RCA can be performed in convective CRRT modalities with either high-or low-citrate concentration solutions [26-30, 33, 68-77] . In CVVH with high-concentration citrate solutions, a separate pre-filter citrate infusion is usually combined with a replacement fluid, which can be optionally delivered in post-dilution only [26, 33] or prepost dilution modality [73] . In both cases, a lower sodium and lower bicarbonate replacement fluid is required to prevent acid-base and/or electrolyte derangements related to buffer and/or sodium overload (metabolic alkalosis, hypernatremia) [26, 33, 73] .
Regarding low-concentration citrate solutions, also known as ''citrate-buffered'' replacement solutions, simplified protocols have been proposed for RCA in predilution only CVVH [29, 72, 75, 76] . In this case, the citrate-buffered solution acts both as regional anticoagulant and convective dialysis dose [29, 72, 75, 76] . This option may have the drawback of a CRRT dose strictly related to citrate dose, with a potentially higher risk of citrate accumulation if a high dialysis dose is required [76] . By combining the pre-dilution citrate-buffered solution with a post-dilution replacement fluid, RCA can be performed in pre-post dilution CVVH allowing to separately modulate citrate load and CRRT dose [30] . The ''physiological'' sodium content and the low citrate concentration of isotonic solutions also avoid the need for customized replacement fluids (lower sodium, lower bicarbonate) specifically formulated for RCA, thus simplifying CRRT handling. In this regard, the adoption of conventional calcium-containing CRRT replacement fluids represents a further simplification that reduces the need for calcium infusion, as well as the risk of errors when calcium-free solutions are handled [30, 70] . It has been reported that this strategy is still compatible with an adequate filter lifespan without increasing the risk of venous drip chamber clotting [30, 70] .
By using low-concentration [68, 74] as well as highconcentration citrate solutions [27, 71] , RCA-CVVHDF protocols can be designed by adding a standard or customized dialysate with the advantage that they operate at lower filtration fractions.
Finally, commercially available calcium and phosphate containing CRRT solutions have been recently proposed for RCA in CVVH and in CVVHDF, both in adult and pediatric patients. These solutions can be used either as post-dilution replacement fluid and/or as dialysate in combination with a low-concentration citrate solution [41, [68] [69] [70] . This approach significantly reduces the incidence of CRRT-induced hypophosphatemia, minimizing the need for intravenous phosphate supplementation [68, 70] .
RCA in diffusive CRRT
At variance with convective modalities, RCA can be performed in continuous veno-venous hemodialysis (CVVHD) only with the use of hypertonic citrate solutions. Indeed, the high citrate concentration of these solutions allows the achievement of target citrate values in the circuit by adopting relatively low infusion rates; thus, hypertonic citrate solutions act only as an anticoagulant without contributing to the total RRT dose [21] .
Although the use of calcium-containing dialysate has also been reported [65, 78] , in RCA-CVVHD protocols the In summary, safe and efficacious RCA protocols can be implemented in all CRRT modalities (CVVH, CVVHD, CVVHDF). Since diffusive and convective transport of citrate is comparable, citrate loss during RCA-CRRT is closely related to total effluent flow rate [44] . Thus, during convective RCA protocols, similarly to the diffusive ones, modulation of citrate load can be achieved through modifications of CRRT dose, along with other strategies such as interventions on blood flow rate and citrate dose. In this regard, an appropriate setting and subsequent adjustments of the main CRRT parameters are critical to perform a safe RCA and to modulate buffer supply according to clinical needs, avoiding acid-base and metabolic derangements.
Regardless of the CRRT modality used, the introduction of latest generation CRRT monitors, equipped with integrated infusion systems and specifically developed software that allow near-automated RCA [41, 42], represents a perspective of simplification that can significantly improve the safety of citrate anticoagulation protocols. These systems are able to keep the citrate dose stable even when the blood flow rate changes, and to roughly estimate calcium balance during RCA-CRRT (Fig. 1) , reducing the nurse workload related to the need for additional interventions on operational parameters [41, 42] . In particular, in the more recently introduced technologically advanced CRRT systems, citrate and calcium infusion pumps are fully integrated and linked to blood and effluent pumps. This approach avoids incorrect infusion in the case of modifications of the CRRT parameter setting or in the case of temporary interruption of the treatment [41].
Key messages
4 RCA protocols can be implemented in convective (CVVH) or mixed (CVVHDF) CRRT modalities with both high-and low-concentration citrate solutions; while in pure diffusive CRRT modality (CVVHD) RCA can be performed only with the use of hypertonic citrate solutions 4 The use of calcium-and phosphate-containing replacement solutions can be implemented in convective or mixed RCA protocols as a part of the CRRT dose, reducing calcium infusion need and minimizing the incidence of CRRT-induced hypophosphatemia. 4 The use of calcium-containing replacement solutions (CVVH/CVVHDF) does not appear to increase the risk of venous drip chamber clotting during RCA.
RCA in prolonged intermittent RRT (PIRRT)
PIRRT methods are increasingly used in ICU patients with AKI [4, 5, 22, 36, [76] [77] [78] [79] [80] [81] . They are known under different acronyms, such as SLED, extended daily dialysis (EDD), or extended daily hemofiltration/hemodiafiltration if a convective component is added. A duration of 8-12 h represents the key feature of PIRRT, which combine the main advantages of conventional intermittent forms of RRT (e.g. standard dialysis monitor use, online produced dialysate, flexible scheduling, and lower costs) with those of CRRT (e.g. hemodynamic tolerance, excellent metabolic control, and gentle osmotic fluctuation and fluid removal capacity) [15, 80, [82] [83] [84] [85] .
Despite shorter treatment duration as compared to CRRT, even with PIRRT anticoagulation of the extracorporeal circuit is usually required, but the optimal anticoagulation strategy remains to be defined [11, 12] . Among the different options proposed for the maintenance of the extracorporeal circuit in PIRRT, saline flushes without any anti-hemostatic agent, unfractionated heparin, and prostacyclin have been reported [15, [84] [85] [86] [87] [88] . Although no extracorporeal circuit clotting has been observed with unfractionated heparin in SLED [84] , other series reported clotting in 17-26 % of treatments [85] [86] [87] [88] ; clotting rates were 10 % with epoprostenol, a synthetic analogue of the antiaggregant and vasodilatory prostacyclin PGI2 [15] , and 29-46 % without any anticoagulation [85] [86] [87] [88] . As in the case of CRRT, citrate has been also introduced as anticoagulant for PIRRT. In an observational study on diffusive PIRRT (117 SLED in 30 patients) circuit clotting never occurred with an average treatment duration of 6.7-7.3 h [89] ; however, only 19 patients had AKI and only a few were critically ill patients. The protocol required zero calcium dialysis fluid and calcium supplementation [89] . More recently, a new RCA protocol for SLED has been proposed [90] , based on the use of the ACD-A solution and standard dialysis equipment, with the patient's blood recalcification obtained by calcium back-transport from calcium-containing dialysis fluid (1.25 mmol/l). Interruptions of PIRRT due to impending/irreversible clotting were recorded in 19/807 sessions (2.4 %) in 116 critically ill patients; blood restitution was complete in 98 % of the cases. Major bleeding was observed in 6 patients (5.2 % or 0.4 episodes/100 person-days on PIRRT), with hemorrhagic complication rates similar to or even lower that that reported in previous studies [8, 9, 34, 35, [91] [92] [93] [94] . No citrate accumulation was observed, even in patients with liver dysfunction [90] . Intravenous calcium for systemic hypocalcemia (ionized calcium levels \0.90 mmol/l) was needed in 28 sessions (3.4 %); however, in 8 of these 28 sessions, low ionized calcium was already present before starting PIRRT. Systemic coagulation of patients remained unchanged, even in patients with liver failure, and metabolic/fluid control was easily achieved; citrate load is, in fact, limited in the case of a highly efficient diffusive modality such as SLED, since in this case about 2/3 of the citrate administered is removed by the treatment itself [90] . Moreover, since the usual duration of PIRRT is 8-12 h, a time window with no citrate administration is available for citrate metabolism, further reducing the risk of accumulation.
In conclusion, although the ideal anticoagulant for PIRRT remains to be found, and the available findings are exclusively from observational data, the use of citrate in the context of a mainly diffusive prolonged intermittent modality, such as SLED, could represent an easy method to maintain the extracorporeal circuit. On this basis citrate could become the preferred anticoagulant for PIRRT. 4 Although PIRRT can be performed without any anticoagulant agent in high bleeding risk patients, increased rates of circuit interruptions have been reported; thus, alternative methods of anticoagulation are usually required to ensure circuit patency for the full PIRRT session. 4 Commercially available citrate solutions, at least in observational studies, seem to allow safe and effective RCA for PIRRT, requiring limited laboratory monitoring and without the need for systemic calcium infusion in most patients. Patient's blood recalcification can be easily obtained by calcium back-transport from calciumcontaining dialysis fluid. 4 The risk and incidence of metabolic complications (citrate accumulation, metabolic alkalosis) is low with PIRRT, since most of the citrate infused in the circuit is removed by the treatment itself.
RCA in coupled plasma filtration adsorption (CPFA)
Coupled plasma filtration adsorption (CPFA) is a modular system composed of a plasmafilter, a hydrophobic resin cartridge and an in-series hemofilter [67, 95] . It has been proposed for non-selective removal of circulating soluble inflammatory mediators in critically ill patients with septic shock with or without AKI [67, 95] . In the CPFA system, the plasmafiltrate deriving from plasma separation passes through the resin cartridge for the removal of the excess of pro-and anti-inflammatory mediators by non-specific adsorption [95] . After the adsorption process, plasma is returned to the blood for additional purification through a conventional hemodialyzer/hemofilter [95] . In CPFA, citrate has been successfully used for the first time in 13 critically ill AKI patients with septic shock at high risk of bleeding or with active bleeding [67] . The number of lost cartridges, due to clotting or fibrin fragment formation in the plasma circuit, was significantly lower with citrate, when compared with heparin. Citrate levels in the plasma taken before and after the cartridge were comparable, suggesting that citrate is not retained by the hydrophobic resin [67] . A remarkable stability of blood ionized calcium and acid-base parameters was observed during the whole length of the RCA-CPFA session. The availability of citrate protocols for CPFA [67, 96] and the introduction of newer generation machines could facilitate a safe implementation of RCA in this setting, thus allowing to meet the prescribed target of plasma volume treated per day, which has been shown to be reached in a low proportion of CPFA sessions when standard heparin anticoagulation was used [97] .
Key messages
4 RCA is a feasible and effective alternative to heparin anticoagulation during CPFA, which can reduce CPFA session interruptions due to circuit clotting, thus allowing to achieve higher targets of plasma volume treated per day. 4 The availability of citrate protocols for CPFA and the introduction of newer generation machines could facilitate a safe implementation of RCA also in this setting.
RCA in extracorporeal liver support (ELS)
Due to the high hemorrhagic risk, and the frequent hypercoagulability status of patients with liver failure, regional anticoagulation of the extracorporeal circuit may represent an ideal option, since it may reduce at the same time hemorrhagic complications and circuit clotting rate [98] .
The use of RCA in patients with liver dysfunction is often considered hazardous, due to deranged liver metabolism and the increased risk of accumulation. The most likely adverse effects of citrate use in this clinical setting are acute alterations of acid-base equilibrium and electrolyte status, ionized hypocalcemia and worsening metabolic acidosis being the most clinically significant [33] .
However, many of the potential risks related to the use of citrate in these patients have been overcome, thanks to the recent evolution in dialysis machine engineering technology. The new software generation is in fact able to adapt citrate infusion to blood flow changes, thus limiting the risk of an inappropriate citrate/blood flow ratio. Moreover, with the CRRT monitors citrate dose can be modified at any time during treatment, in the event of a documented or suspected citrate overload. Last, the modulation of convective and/or diffusive CRRT dose may prevent the development of citrate accumulation, due to the substantial removal of citrate with the effluent fluid [21] .
Recent data on RCA in patients with liver failure undergoing CRRT [99] have provided important information that can be also extrapolated to ELS treatments. In spite of substantial increases of citrate levels, metabolic consequences were less significant than expected: a trend towards metabolic alkalosis was found instead of acidosis, and no significant electrolyte disturbances (including hypocalcemia) were observed. Blood citrate levels were related to the calcium ratio; prothrombin activity B26 % and lactate level C3.4 mmol/l proved to be acceptable predictors of citrate accumulation [99] .
Most of these issues can be deemed as valid in the case of ELS treatments usually adopted as a ''bridge'' to liver transplantation or liver recovery, such as the Molecular Adsorbent Recirculating System (MARS) and Prometheus [100, 101] . Both are able to remove lipo-and hydrophilic substances (bilirubin, biliary salts, ammonia and other toxic solutes) by using different adsorbers, dedicated membranes, and dialysis filters removing hydrophilic substances [102, 103] . Both ELS modalities can be performed with citrate anticoagulation, even though the experience is scanty [64, 66, 104] .
Prometheus treatment is carried out with a dedicated machine equipped with a built-in citrate/calcium algorithm. The citrate dose (3-4 mmol/l of blood) is automatically re-calculated from the ionized calcium content in the patient's venous blood. Few studies are available, due to the recent introduction of the machine. In a randomized controlled trial on 145 patients comparing Prometheus to standard medical therapy [104] , 60 % of the treatments were performed with low-dose citrate anticoagulation (3.33 mmol/l of blood). Anticoagulation was effective in 84 % of the sessions, and no difference in bleeding rate was observed between patients treated with Prometheus and patients receiving standard medical therapy. However, the study was not aimed to evaluate specifically the metabolic derangements possibly due to citrate accumulation. The same holds true for another study evaluating safety and efficacy of fractionated plasma separation and adsorption with RCA in patients with liver failure [105] .
The feasibility and safety of RCA during liver support using MARS, as well as its effects on electrolyte and acidbase status, have been evaluated in a prospective observational study conducted in 20 critically-ill patients with liver failure [64] . Under close monitoring, no clinically significant electrolytes or acid-base disorders were observed, suggesting that RCA is a safe and feasible method to maintain adequate circuit lifespan without increasing the risk of hemorrhagic complications [64] . More recently, a randomized cross-over trial with the MARS system in 10 patients with liver failure compared RCA with an anticoagulation-free protocol [66] . The use of citrate appeared safe, and no significant citrate-related sideeffects were reported: calcium levels and acid-base status remained in a physiological range in all the patients [66] .
In conclusion, RCA may be performed safely even in ELS treatments. Protocols with frequent checks of blood gas analysis with the determination of ionized calcium and acid-base status, as well as of total calcium, are needed ( Table 2 ). The evaluation of the basal levels of both lactate and prothrombin activity could be potentially introduced in the routine clinical practice as surrogate indexes (respectively C3.4 mmol/l and B26 %) to identify patients more prone to citrate overload, and for whom a greater attention to electrolyte/acid base control should be paid [21, 99] . Patients with acute and hyper-acute liver failure are likely to be more at risk than those with decompensated cirrhosis.
Key messages
4 RCA may be performed safely even in patients undergoing extracorporeal liver support (ELS) for severe liver failure. 4 Considering that ELS treatments are mainly performed in clinical settings with relative contraindication to citrate use, a closer than usual monitoring of ionized calcium, acid-base status and total calcium is mandatory throughout the treatment, particularly in the first hours, in order to ensure a timely detection of early signs of inadequate citrate metabolism.
Costs of RCA
Comparative data on the cost-effectiveness ratio of different anticoagulation methods for RRT in AKI are still lacking [23] . RCA could be more costly than heparin-based anticoagulation because of the higher cost of citrate solutions and the need for more intensive monitoring of metabolic parameters [88] . On the other hand, the savings related to both the lower incidence of bleeding complications and the lower frequency of circuit replacement could shift the balance toward RCA [106] . Finally, in the costbenefit evaluation of RCA, indirect costs should be taken into account, such as platelet and red cell transfusions, as well as the need for antithrombin-III supplementation [30] . 
